The association of preawake (difference between pre-and postwaking blood pressure (BP)) and sleep-through surge (difference between sleeping nadir and postwaking BP) with cardiovascular events is unclear. Examination of factors associated with surge may provide novel insights. We examined the association of race, which associates with nocturnal dipping, and plasma renin activity (PRA) with preawake and sleep-through surge among individuals on a controlled diet.
Blood pressure (BP) increases abruptly (surge) upon wakening, a phenomenon associated with heightened activity of the sympathetic nervous system and alpha-mediated vasoconstriction. 1, 2 Various definitions have been proposed for morning surge, including preawake surge (the difference between pre-and postwaking BPs) and sleep-through surge (the difference between the nadir nighttime and postwaking BPs). 3 There are conflicting reports with regard to the association of higher morning systolic BP (SBP) surge with the development of adverse clinical outcomes. [4] [5] [6] [7] Despite blacks having a higher burden of hypertensionassociated disease, [8] [9] [10] a prior report has documented less (rather than greater) sleep-through BP surge among black individuals. 11 However, this finding may have been confounded by a variety of factors, including diet, which is known to have a potent role in the determination of BP. 12 In addition, previous studies have not evaluated whether proposed racial differences in surge are related to plasma renin activity (PRA), which is known to follow a diurnal pattern (greater in the second half of sleep) 13, 14 and is usually lower in blacks than nonblacks. 15 To further investigate these associations, we performed post hoc analyses of individuals who consumed a controlled diet in the Dietary Approaches to Stop Hypertension (DASH) trial. We hypothesized that racial differences in morning surge would persist in the presence of a controlled diet and that PRA may contribute to the racial differences in morning surge.
Methods study population
The DASH Trial was a multicenter, randomized, controlled study designed to investigate the effect of 3 dietary interventions on BP. 12 All centers had individual institutional review board approval, and all participants provided written informed consent. The present analyses were deemed exempt by the Partners Institutional Review Board.
The design of the trial has been described previously. 12 Briefly, a total of 459 adult subjects aged ≥22 years were enrolled in 5 separate cohorts over a 2-year period. Ambulatory BP was measured in the last 4 cohorts only (n = 362). Criteria for study inclusion included a screening systolic BP of <160 mm Hg and diastolic BP of 80-95 mm Hg without use of antihypertensive medications. Major exclusion criteria were poorly controlled diabetes mellitus, hyperlipidemia, a cardiovascular event within the prior 6 months, renal insufficiency (estimated glomerular filtration rate < 60 ml/min/1.73m 2 or serum creatinine > 1.5 mg/dl for men or > 1.3 mg/dl for women), chronic disease that could potentially interfere with participation in the trial, pregnancy or breast-feeding, body mass index > 35 kg/m 2 , antihypertensive medication use, unwillingness to cease vitamin supplements or calcium/magnesium-containing antacids, and alcohol intake > 14 drinks per week. A designated a priori goal was to recruit two-thirds of the subjects from a racial or ethnic minority.
trial design
The trial was conducted in 3 phases-screening, run-in, and intervention. In the screening phase, participants continued their normal diet. During the 3-week run-in period all participants were fed a control diet low in fruits, vegetables, and dairy but high in total and saturated fat (similar to typical dietary intake in the United States). The sodium content of the control diet was approximately 3 g/day. Adherence was assessed by self-report, direct observation, and 24-hour urine sodium evaluation. Further details on the DASH Trial have been published previously. 12, 16, 17 ambulatory BP measurements Ambulatory recordings for the last 4 recruited cohorts only were acquired at the end of run-in (during the 3rd week of the controlled typical US diet) using the Space Labs 90207 device (Space Labs, Redmond, Washington). BP acquisition was programmed to occur every 30 minutes over a period of at least 24 hours. We excluded those with abnormal sleep/ wake cycles (defined as going to sleep between 4 am and 6 pm or waking up before 4 am or after noon) 18 and those with missing data (>2 hours without readings) critical to the calculation of morning surge. In addition, we excluded individual readings obtained within 10 minutes of a prior reading and restricted BP data to a maximum of 24 hours. Finally, we excluded those with <75% acceptable readings (SBP of 70-240 mm Hg; DBP of 40-150 mm Hg) throughout the monitoring period. The final cohort for this study consisted of 323 individuals.
other measurements
Demographic variables (age, sex, race), baseline weight, height, alcohol intake, smoking history, estimated annual income, and anthropometric variables were recorded at baseline. In addition, clinic BPs were recorded twice, 30 seconds apart, at each of 3 screening visits and 4 visits during the last week of the run-in period. These readings were taken by trained staff using a random-zero mercury sphygmomanometer and an appropriately sized cuff after subjects had been seated quietly for 5 minutes. 12 At each of these visits, the 2 BPs were averaged. Baseline clinic BP was calculated as the average reading over these 7 visits.
exposures and outcomes
The primary exposures of interest for this study were self-reported race (black vs. nonblack) and PRA. PRA was measured by radioimmunoassay from stored venous blood samples collected from each individual after an overnight fast after being seated upright for at least 90 minutes. Because of a highly right-skewed distribution, PRA was logtransformed for all regression analyses.
The primary outcomes of interest were morning preawake and sleep-through SBP surge. Preawake SBP surge was defined as the difference between the mean SBP during the 2 hours immediately after waking and the mean SBP during the 2 hours immediately before waking. Sleep-through SBP surge was defined as the difference between the mean SBP during the 2 hours immediately after waking and the mean SBP during the nighttime hour that included the lowest (nadir) SBP. 3, 19, 20 Preawake and sleep-through SBP surge were calculated using the individual sleep and wake periods that each participant recorded in their diary during the ambulatory BP monitoring. Consistent with prior reporting from this study, daytime BPs were calculated as the mean of the values recorded between 8 am and 6 pm; nighttime BPs were recorded as the mean of values recorded between 10 pm and 6 am. 18 
statistical analysis
Continuous variables were examined graphically and recorded as means (± SDs) for normally distributed data or medians (with interquartile ranges) for nonnormally distributed data. Comparisons were made using t tests, Wilcoxon rank sum tests, analysis of variance, or Kruskal-Wallis tests, as appropriate. Categorical variables were examined by frequency distribution and recorded as proportions, and comparisons were made using the χ 2 test.
The associations of race with preawake and sleepthrough SBP surge were estimated by fitting unadjusted and adjusted linear regression models. Adjusted associations were estimated in hierarchical models that included terms for potential confounding covariables that were not felt to plausibly lie on causal pathways. Model 1 was adjusted for race (black vs non-black), sex (male vs female), age and clinical site; Model 2 was additionally adjusted for baseline weight, height, alcohol intake (0, 1-2, >2 drinks per week), annual income (<$30,000, $30-59,000, >$59,000), sub-scapular skin-fold thickness and smoking history (≥100 or <100 cigarettes in lifetime); Model 3 was adjusted for the same variables as Model 2, with the addition of mean ambulatory 24-hour blood pressure. Linearity of continuous variables was inspected graphically and by comparative model fit diagnostics. The associations of log e PRA with preawake surge and sleep-through surge were examined in a similar fashion within black and nonblack subgroups. In exploratory models, nocturnal dipping status (dipper (nocturnal BP dip >10%) vs. nondipper) was added to the list of covariables in model 3.
Nominal 2-sided P values < 0.05 were considered statistically significant. Analyses were performed using STATA 10.0MP (STATA, College Station, TX).
results characteristics at the end of the run-in period
The mean age of the cohort was 45.1 ± 10.4 years; 53.2% were men; 55.1% were black. Black subjects were more likely to be female, were younger, were of shorter stature, had greater subscapular skin-fold thickness, consumed fewer alcoholic beverages per week, and had lower income than nonblack subjects. No significant differences were noted in baseline weight, smoking history, or 24-hour urinary sodium excretion between groups (Table 1) .
There were no differences in standard office SBP, mean 24-hour ambulatory SBP, or daytime or nighttime ambulatory SBP according to race at the end of the run-in period. Black individuals had significantly less nocturnal dipping than nonblacks and demonstrated less preawake SBP surge (11.2 vs. 14.3 mm Hg; P = 0.01) and less sleepthrough SBP surge (17.5 vs. 21.4 mm Hg; P = 0.001) compared with nonblacks (Table 2) . Blacks also had lower absolute (0.52, IQR = 0.22-0.89 vs. 1.18, IQR = 0.59-2.22) and log-transformed PRA (−0.70 ± 0.90 vs. 0.14 ± 0.88) than nonblacks at the end of the run-in period (P < 0.001 for both).
association of race with preawake sBP surge Black race was significantly associated with less preawake surge in unadjusted (-3.2 mm Hg; P = 0.01) and fully adjusted models (model 3: −3.2 mm Hg; P = 0.03) ( Table 3) . Upon additional adjustment for log e PRA in the fully adjusted model, the association of race with preawake surge became attenuated (−2.6 mm Hg vs. nonblacks; P = 0.09), suggesting that PRA may be a pathway intermediate of the association of race with preawake surge.
association of Pra with preawake surge according to race
In further analyses, the association of log e PRA was examined in black and nonblack subgroups separately. In nonblacks, each unit increase in log e PRA was associated with a 3.4 mm Hg greater preawake surge (P = 0.01) in fully adjusted models (model 3). In blacks, each unit increase in log e PRA was nonsignificantly associated with a 0.9 mm Hg greater preawake surge (P = 0.35). 
association of race with sleep-through sBP surge
Black race was significantly associated with less sleepthrough SBP surge in unadjusted (−3.9 mm Hg vs. nonblacks; P = 0.001) and fully adjusted models (−3.7 mm Hg vs. nonblacks; P = 0.01), as shown in Table 3 . Upon additional adjustment for log e PRA in the fully adjusted model (model 3), the association of race with preawake surge was slightly attenuated (−3.2 mm Hg vs. nonblacks; P = 0.049).
associations of Pra with sleep-through surge according to race
No significant association of log e PRA with sleep-through surge was noted in either nonblack (2.0 mm Hg per unit increment in log e PRA; P = 0.13) or black subgroups (1.0 mm Hg per unit increment in log e PRA; P = 0.31).
influence of nocturnal dipping on race-surge associations
In exploratory models, the effect of nocturnal dipping on the race-surge relationship was assessed by inclusion of dipping status (dipper vs. nondipper) as an additional covariable to model 3. The effect estimates for black vs. nonblack with respect to both preawake (−2.3 mm Hg, 95% confidence interval (CI) = −4.9 to 0.3 mm Hg; P = 0.09) and sleepthrough surge (−3.0 mm Hg, 95% CI = −5.7 to −0.2 mm Hg; P = 0.03) were somewhat attenuated, suggesting that at least part (but not all) of the blunted surge in blacks may be related to less nocturnal dipping.
With respect to the association of PRA with preawake and sleep-through surge, there were no qualitative differences in findings after addition of dipping status to the fully adjusted models: greater PRA remained significantly associated with greater preawake surge in the nonblack Linear regression models were fit with effect estimates presented as beta coefficient (95% confidence intervals) and P value for difference. Model 1 was adjusted for race (black vs. non-black), sex (male vs. female), age, and clinical site. Model 2 was additionally adjusted for baseline weight, height, alcohol intake (0, 1-2, >2 drinks per week), annual income (<$30,000, $30,000-$59,000, >$59,000), subscapular skin-fold thickness, and smoking history (≥100 or <100 cigarettes in lifetime). Model 3 was adjusted for the same variables as model 2, with the addition of mean ambulatory 24-hour blood pressure.
subgroup only (2.6 mm Hg per unit increment in log e PRA; P = 0.03).
discussion
To our knowledge, this is the first study to examine the association of race and PRA with preawake and sleep-though SBP surge in individuals who participated in a controlled dietary intervention. We found that (i) blacks had significantly less preawake and sleep-through SBP surge than non-blacks; (ii) racial differences in preawake surge were attenuated after controlling for PRA and dipping status; and (iii) higher PRA was associated with greater preawake morning SBP surge in nonblacks but not in blacks.
Racial differences have been previously reported in relation to morning BP surge, but there were important limitations associated with these studies. Haas et al. found that blacks had 3.8 mm Hg less sleep-through SBP surge than nonblacks in unadjusted analyses (P = 0.01). However, upon adjustment for sex, age, and body mass index, the estimated difference attenuated to 2.5 mm Hg and was no longer statistically significant. The lack of a controlled diet and limited information regarding potential demographic confounders were significant limitations of that study. 11 Similarly, Neutel et al. reported that blacks had less preawake surge than nonblacks in a post hoc analysis of the PRISMA I and II studies; however in this analysis, blacks constituted only 5% of the overall cohort and again a controlled diet was not enforced. 21 In our analyses, we found that blacks had lower preawake and sleep-through SBP surge compared with nonblacks after consumption of a controlled diet for a 3-week period. However, addition of log e PRA to the fully adjusted model lead to significant changes in the effect estimates for the association of race with both preawake and sleep-through surge, suggesting that PRA (based on prior knowledge of racial differences) may be a pathway intermediate of the race-surge relationship. This prompted us to consider the association of PRA with morning surge in black and nonblack subgroups. In these analyses, we found no association between PRA and sleep-through SBP surge in either black or nonblack subgroups. However, we did find evidence for a significant association between greater PRA and greater preawake surge in nonblacks only. Although limited by power and the use of cross-sectional data, these findings may suggest that non-renin-mediated pathways may be important in the determination of sleep-through surge regardless of racial background, whereas renin-mediated pathways may be more important in the determination of preawake surge in nonblack individuals only.
Prior physiologic studies reported that PRA appears to be highest in the latter part of sleep and prewakening period. 22 The preawake surge is determined by the difference in BP between the pre-and postwakening periods (both of which occur during the early morning rise in PRA, a time when alpha-mediated vasoconstriction is also greatest). 1 In contrast, the nadir sleeping BP is determined from the period during sleep in which the lowest BP is recorded; this is likely subject to large within and between person variability and likely occurs when the nocturnal PRA is relatively flat. These may be contributing factors as to why we did not find an association between PRA and sleep-through surge.
In our analyses, blacks had lower overall PRA than nonblacks, consistent with numerous prior studies. [23] [24] [25] Various theories have been postulated to explain this phenomenon, including polymorphisms of the renin gene, 26 differences in dietary sodium and potassium intake, 27 and inherent differences in control of the renin-angiotensin-aldosterone system. 28 In our analyses, participants were exposed to the same control diet and had no significant differences in measured 24-hour urinary sodium excretion, making diet a less likely explanation for suppressed renin activity among blacks. Differences in urinary potassium excretion according to race have been noted before in this cohort, with blacks having lower urinary potassium excretion at the end of the run-in period; 29 however, lower PRA has also been reported in blacks in the absence of detectable differences in urinary potassium. 25 In exploratory analyses, we additionally adjusted for nocturnal dipping status in an attempt to ascertain the association of race with surge, independent of dipping. We found that the association of black race with lower preawake and sleep-through surge attenuated after adjustment for dipping but remained significant for sleep-through surge. These finding suggest that at least part of the reason why blacks have lower surge may be related to attenuated nocturnal dipping but that dipping status alone is not sufficient to explain the complete picture.
The major strengths of this study include detailed collection of data in the setting of a randomized, controlled trial, the institution of a controlled dietary intervention for all participants during the run-in phase of the study, and the ability to adjust for potential demographic and socioeconomic confounders. However, there are limitations of this study that merit discussion. The relationship of log e PRA with SBP surge was assessed in a cross-sectional fashion, and thus it is impossible to make any definite inference on causality. PRA was measured only once at the end of the runin period, which could potentially lead to misclassification; however, such misclassification would likely be nondifferential in nature and, if anything, bias our estimates toward the null. The sample size was relatively modest, and the presence of residual confounding from incomplete adjustment of considered variables in the setting of an observational study remains a possibility. Finally, because there was only 1 ambulatory reading obtained at the end of the controlled feeding period and because BP is dynamic and variable from day to day, BP surge may likewise be variable.
The true implications of morning BP surge with adverse clinical outcomes have been the topic of much debate and conflicting literature in recent times. For example, some studies have reported an increased risk of ischemic stroke 3 and cerebral hemorrhage 4 and greater mortality with greater morning BP surge, 5 whereas others have not. 6, 7 Because the DASH Trial did not examine clinical outcomes, we were unable to assess the clinical associations of morning BP surge after the institution of a controlled diet. However, we were able to confirm the presence of significant racial differences in preawake and sleep-through SBP surge in individuals participating in a controlled feeding study, with blacks having less morning surge than nonblacks and PRA being
